ABSTRACT GROSSOWICZ, NATHAN (Hebrew University Hadassah Medical School, Jerusalem, Israel) AND MIRIAM ARIEL. Mechanism of protection of cells by spermine against lysozyme-induced lysis. J. Bacteriol. 86:293-300. 1963.-Spermine (1 to 5 X 10-3 M) was found to prevent lysis of Micrococcus lysodeikticus cells by lysozyme. This protection is due to the rapid and efficient stabilization by spermine of the protoplasts formed by lysozyme, and not to interference with the enzymatic activity. This conclusion concerning the spermine effect is based on chemical and microscopic evidence: (i) the amount of hexosamine, released from lysozyme-treated cells, was equal to or even higher in the presence of spermine than in its absence; (ii) microscopic and electron microscopic pictures showed clearly that the spermine-protected structures resembled protoplasts. On the other hand, the "spermine protoplasts" showed a high stability against hypotonic conditions in comparison with "sucrose protoplasts." The spermine-protoplast complex was very stable and could not be destroyed by water and various agents (NaCl, KCl, MgCl2, cadaverine, and putrescine). A number of bases such as histamine, D-histidine, and streptomycin exhibited an effect similar to that of spermine, while diamines like cadaverine, putrescine, basic amino acids (lysine, arginine, L-histidine), as well as cations like magnesium, were virtually inactive.
hand, and in microorganisms on the other (see review of Tabor, Tabor, and Rosenthal, 1961) . Spermine exhibits diverse biological functions: it is active as a growth factor for certain bacteria (Herbst and Snell, 1949;  Martin, Pelczar, and Hansen, 1952; Traub, Mlager, and Grossowicz, 1955) and in inhibition of growth either per se (Grossowicz, Razin, and Rozansky, 1955) or after oxidation by spermine oxidase (Hirsch, 1953) . Spermine was also shown to prevent leakage of cellular material from Pasteurella tularensis and Neisseria perfiava and to prevent lysis of the halophilic Achromobacter fischeri suspended in hypotonic medium (Mager, 1955 (Mager, , 1959a . Very recently, Tabor (1962) showed that spermine and related polyamines stabilize protoplasts of Escherichia coli exposed to hypotonic conditions. The purpose of this work was to study the mechanism by which spermine protects cells against lysozyme-induced lysis, and whether the protection was due to inhibition of lysozyme action or to the amine stabilizing the "protoplasts" which were formed as a result of the enzymatic activity. The specificity of the spermine effect was also investigated by comparing its activity to that of other amines and some organic and inorganic bases.
MATERIALS AND METHODS Shake cultures of Micrococcus lysodeikticus grown at 37 C in Brain Heart Infusion broth (Difco) were used. After incubation for 16 to 18 hr, the cells were spun down and washed twice with either 0.067 M tris(hydroxymethyl)aminomethane (tris) buffer (pH 7.5) or saline. Optical density determinations were made at 540 mA in a Klett colorimeter specially adapted to hold matched test tubes (18 by 150 mm).
The compounds used were: cadaverine .2HCl, putrescine 2HCl, spermine .4HCl (all obtained from Fluka AG, Buchs SG-Switzerland), D-histidine .HCl, histamine. 2HCl, and streptomycin SO4.
Hexosamine was determined by the method of Elson and Morgan (1933) resulted in a rapid clearing of the suspension and a drop in optical density. However, when spermine (1 to 6 ,umoles/ml) was added prior to, or simultaneously with, lysozyme, no change in optical density was noted. Thus, addition of spermine caused stabilization of the bacterial suspension in the presence of lysozyme (Fig. 1) .
Release of hexosamine from M. lysodeikticus cells by lysozyme; effect of spermine. Our next aim was to elucidate the nature of the protective effect: whether it was due to (i) competition between lysozyme and spermine (two basic molecules) for active site(s) on the mucopeptide layer of the cell wall, (ii) inhibition of lysozyme activity by the polyamine, or (iii) rapid and efficient stabilization by spermine of the protoplasts formed as a result of lysozyme activity.
To discriminate among these assumptions, we decided to measure the hexosamine released from the mucopeptide by lysozyme action. A typical experiment is presented in Table 1 . Optical density was measured both at zero time and after 1 hr, whereas hexosamine determinations were done after 1 hr only. The latter were performed on high-speed supernatant fluids of the with lysozyme in the presence of spermine. The latter stained gram-negative and had a doughnutlike appearance, whereas the former appeared as typical gram-positive cocei arranged in clusters (Fig. 3) . Cells lysed by lysozyme in the absence of spermine disintegrated completely, and no cellular structures were seen. The differences between the intact control cells and those prepared by combined lysozyme-spermine treatment were markedly augmented in the electron microscope. The intact cells were seen as opaque clusters of cocci, whereas those which underwent the combined treatment were quite indistinguishable from sucrose-protected protoplasts (Fig. 4) . Thus, it seemed clear that spermine did not at all interfere with the lysozyme activity; it merely provided a stabilizing milieu for the protoplasts that were formed.
Comparison between protoplasts and "spermine protoplasts." Since sucrose-protected protoplasts are osmotically fragile forms that burst easily when the concentration of sucrose is lowered, it was of interest to determine the properties of the protoplasts stabilized by spermine. We first tested the reversibility of the protoplast-spermine complex, i.e., whether spermine is easily washed out to yield osmotically fragile forms. The experiment was carried out as follows. A cell suspension of Ml. lysodeikticus was prepared and divided into three portions: one was taken up in tris buffer (pH 7.5) and spermine (6 Amoles/ml), and, after 1 to 2 min, lysozyme (20 ,ug/ml) was added and the reaction mixture incubated for 30 min at 37 C. The second portion of the cell suspension served as a control, as neither spermine nor lysozyme was added to the incubation mixture. The third sample of the same bacterial suspension was taken up in 1 M sucrose and 0.05 M NaCl, and incubated in the presence of lysozyme (20 ,g/ml) . At the end of the incubation period (30 min), all three reaction mixtures were diluted with increasing amounts of distilled water and optical densities determined prior to FIG. 4 and immediately after dilution. Both intact cells and spermine-treated protoplasts gave optical density values proportional to the degree of dilution with water, whereas the sucrose-treated protoplasts showed a marked drop in optical density on dilution with water (Fig. 5) . Thus, the spermine-treated protoplasts proved extremely stable to hypotonic conditions, whereas the sucrose-treated ones lysed rapidly.
Stabilization of sucrose-protected protoplasts by spermine. In the above experiment, we showed that spermine, by apparently combining with the cytoplasmic membrane of M11. lysodeikticus, was able to afford stability to protoplasts in statu nascendi by lysozyme action. Next, we wanted to find out whether similar stabilization could be achieved with protoplasts produced by lysozyme in 1 M sucrose on dilution with water containing low concentrations of spermine. that, on dilution of a sucrose-protoplast suspension with water, a marked fall in optical density (at 540 m,u) ensued, due to rapid lysis, whereas a similar dilution with water containing hypotonic spermine (6 ,umoles/ml) caused no lysis, and the reduction in optical density was proportional to the extent of dilution of the suspension.
Susceptibility of M1. lysodeikticus cells and of "spermine protoplasts" to cetyltrimethylammonium bromide. In view of the fact that the "spermine protoplasts" did not differ from intact cells in their stability toward osmotic shock, we decided to look for other means of assessing the stability of these forms. The cationic detergent, cetyltrimethylammonium bromide (CTAB), proved to be a very valuable differentiating agent. A cell suspension of 31. lysodeikticus was prepared, as described above, and divided into three portions; one was incubated in tris buffer without any additions, whereas the other two were incubated in the presence of lysozyme (20 Htg/ml) and in the presence of both spermine (6 /,moles/ml) and lysozyme, respectively. All tubes were incubated at 37 C for 15 min. The first and third reaction mixtures were further subdivided into two equal portions, of which only one received CTAB. The tubes were incubated for an additional 45 min.
After the optical densities were read at 540 m,u, the suspensions were centrifuged and the respective supernatant fluids used for measuring the absorbancy at 260 m,u in order to determine the degree of leakage from the cells of ultravioletabsorbing material. The results are summarized in Table 2 . Addition of lysozyrme caused rapid lysis of the cell suspension and a considerable increase in the absorbancy at 260 m,u. On the other hand, spermine-treated cells showed neither a fall in optical density at 540 m,u nor a rise in absorbancy at 260 m,u. However, addition of CTAB (12 ,umoles/ml) to such a suspension resulted in a decrease in optical density at 540 m,u and in a considerable increase in absorbancy at 260 m,u. Intact suspensions of If. lysodeikticus (not exposed to lysozyme) were not seriously affected by the concentration of CTAB used (12 ,umoles/ml).
Specificity of the stabilizing effect of spermine. In addition to spermine, good protection against lysis by lysozyme was effected by histamine, D-histidine, and streptomycin (Fig. 7) . The activity of these compounds was somewhat lower than that of spermine (1 to 6 ,moles/ml), as 20 j,moles/ml of histamine and 40 ,umoles/ml of streptomycin were required to prevent lysis of protoplasts on dilution with water containing these compounds.
The basic amino acids arginine, L-histidine, and lysine, the diamines putrescine and cadaverine, and the amides asparagine, glutamine, and nicotinamide were inactive at the highest concentrations used (20 ,umoles/ml). Ineffective too were diaminopimelic acid and ethylenediaminetetraacetic acid. Effect of ions on lysis and lysozyme activity. The ions Na+, K+, Mg++ (Fig. 7) , Ba-I, and Ca++ were tested for protection against lysis due to lysozyme, and were found to be inactive at concentrations of from 5 to 15 ,umoles/ml.
Experiments with lysozyme were also performed by using hypotonic concentrations of NaCl instead of tris buffer. Under conditions of low tonicity, the action of lysozyme was slower. Under the latter conditions, Mg-, as well as putrescine and cadaverine, augmented the lysozyme activity.
DIscussIoN
Very recently, Tabor (1962) The electron microscopic and microscopic pictures also clearly show that the simultaneous lysozyme-spermine treatment turned cells into protoplasts. Thus, it seems a quite convincing conclusion that spermine, rather than preventing lysozyme from reaching the site of action or from acting at the site, afforded stability against hypotonic conditions to the protoplasts formed. Such a conclusion involves the assumption that spermine penetrates rapidly the various layers of the cell wall and combines efficiently with the cytoplasmic membrane. The spermine taken up by the protoplasts became tightly bound and, under the experimental conditions employed, was impossible to remove. The firmness of the "spermine-protoplast" bond makes it very difficult to define as an osmotically fragile form. However, the higher sensitivity of the "spermine protoplast" to lysis by the cationic detergent CTAB provides a means of distinguishing between it and intact cells.
The mechanism described for spermine stabilization of cells may not be the only way of protecting lysozyme-treated cells. Pseudomonas aeruginosa cells exhibit susceptibility to lysozyme only after treatment of the suspension with ethylenediaminetetraacetate (EDTA); addition of Mg++ to the reaction mixture turns these cells refractive to the action of the enzyme (Repaske, 1958) . Experiments (not reported in this study) show, indeed, that addition of either spermine or MAIg+ to EDTA-treated suspensions of P. aeruginosa prevented lysis due to lysozyme. However, whereas cells protected by spermine liberated considerable amounts of hexosamine, those stabilized by MIg released no hexosamine at all. Thus, Mg+-+ interfered with lysozyme activity, presumably by competing for the site of action or by mending the injured mucopeptide layer, whereas spermine exerted stabilization by apparently strengthening the cytoplasmic membrane.
The experiments reported here also revealed that a lack of decrease in optical density of bacterial suspensions is no adequate criterion for intactness of the cell-wall structure or for lack of lysozyme activity; such a statement, to be valid, has to be supported by either morphological or chemical evidence.
